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Abstract.—It has generally been argued that the majority of fossil benthic foraminifera, the most common proxy 8 
for paleo bottom oceanic conditions, could not tolerate anoxia.  Here we present evidence that fossil foraminifera 9 
were able to successfully colonize anoxic–dysoxic bottom waters, by using adaptations similar to those found in 10 
living species. Our study is based on a multi-proxy micropaleontological and geochemical investigation of the 11 
Upper Cretaceous sediments from the Levant upwelling regime. A shift from buliminid to diverse trochospiral 12 
dominated assemblages was recorded in an interval with a distinct anoxic geochemical signature coinciding with a 13 
regional change in lithology. This change was triggered by an alteration in the type of primary producers from 14 
diatoms to calcareous nannoplankton, possibly causing modifications in benthic foraminiferal morphological and 15 
physiological adaptations to life in the absence of oxygen. 16 
Our data show that massive blooms of triserial (buliminid) benthic foraminifera with distinct apertural and test 17 
morphologies during the Campanian were enabled by their ability to sequester diatom chloroplasts and associate 18 
with bacteria, in a similar manner as their modern analogs. Diverse trochospiral forms existed during the 19 
Maastrichtian by using nitrate instead of oxygen for their respiratory pathways in a denitrifying environment. 20 
Species belonging to the Stilostomellidae and Nodosariidae families might have been affected by the change in 21 
food type arriving to the seafloor after the phytoplankton turnover at the Campanian/Maastrichtian boundary, in a 22 
similar manner as their mid-Pleistocene descendants prior to their extinction. This study promotes the need for a re-23 
evaluation of the current models used for interpreting paleoceanographic data and demonstrates that the 24 
identification of adaptations and mechanisms involved in promoting sustained life under anoxic-dysoxic conditions 25 
should become a standard in faunal paleoceanographic studies.  26 
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Introduction 49 
 50 
Calcareous benthic foraminifera are important components of modern and ancient marine ecosystems and a key 51 
tool in paleoceanography (Sen Gupta 1999). The majority of benthic foraminifera colonize oxygenated pore waters 52 
and surface sediments, yet a considerable number of living species belonging to this group are known to tolerate 53 
short or long term anoxic-dysoxic and even sulfidic conditions (e.g., Bernhard 1993; Moodley et al. 1997; 54 
Bernhard and Reimers 1991; Geslin et al. 2011, 2014; Langlet et al. 2014) by means of diverse physiological and 55 
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respiratory adaptations such as complete or bacterially mediated denitrification, kleptoplastidy (sequestration of 56 
algae plastids by an organism) or other symbiotic associations with bacteria or archaea (Gooday et al. 2000; 57 
Bernhard 2003; Bernhard et al. 2003; Bernhard et al. 2006; Risgaard-Petersen et al. 2006; Høgslund et al. 2008; 58 
Pucci et al. 2009; Bernhard et al. 2010; Leiter and Altenbach 2010; Piña-Ochoa et al. 2010; Bernhard et al. 59 
2012a,b; Koho and Piña-Ochoa 2012). Recent studies have also shown that these foraminifera are able to calcify 60 
under anoxic conditions, at various depths in the sediment, with or without nitrates (Geslin et al. 2014; Nadelli et 61 
al. 2014). These adaptations allow them to survive and even be active in the most extreme oxygen minimum zones, 62 
such as those prevailing in modern upwelling systems (Høgslund et al. 2008).  63 
The discovery of these versatile adaptations among phylogenetically diverse and geographically widespread 64 
appearances of foraminifers (e.g., denitrification in Piña-Ochoa  et al. 2010), presents a new and potentially 65 
groundbreaking challenge to the field of paleoceanography. The geologic record bears many episodes of 66 
widespread bottom water anoxia and benthic foraminifera were reported in some of these strata (Friedrich 2010). 67 
Yet so far no direct evidence has been reported to validate the notion that certain fossil benthic foraminifera were 68 
able to survive anoxia by utilizing similar physiological adaptations as their modern descendants.    69 
A major obstacle for such interpretation is providing direct evidence for the co-occurrence of benthic 70 
foraminifera and anoxic environments. Friedrich (2010) termed the difficulty to prove this co-occurrence within 71 
mid-Cretaceous oceanic anoxic events (OAE) as the "anoxic benthic foraminifera" paradox, likely resulting from 72 
an artifact of sample spacing; i.e. the merging of hundreds to thousands of years in a single sample.  73 
Here we present new evidence from the Late Cretaceous Levantine high productivity sequence (upper Menuha, 74 
Mishash and lower Ghareb formations), which show that different benthic foraminifera species with diverse 75 
morphologies were able to tolerate and successfully colonize anoxic-dysoxic (i.e., anoxic - no dissolved oxygen, 76 
dysoxic - 0.1-1 ml/l; Bernhard and Sen-Gupta 1999; Altenbach et al. 2012) bottom water environments. This 77 
unique depositional environment was investigated using a combination of foraminiferal records and diverse 78 
geochemical proxies analyzed in the same samples. This approach allowed us to recognize faunal shifts and their 79 
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environmental settings and to take a further step in inferring specific biological adaptations that enabled benthic 80 
foraminifera to successfully colonize anoxic-dysoxic environments, in a similar manner as their modern 81 
successors.  82 
 83 
The Upper Cretaceous Tethyan Upwelling System.—The Upper Cretaceous Levantine high productivity 84 
sequence is a product of an extensive upwelling system that prevailed in the Southern Tethys (Fig. 1) for ~19 Ma 85 
from late Coniacian to mid-Maastrichtian (Soudry et al. 2006; Meilijson et al. 2014). The upwelling induced a high 86 
nutrient regime with extremely high primary productivity in the upper part of the water column and oxygen 87 
depletion at the seafloor (Almogi-Labin et al. 1993; Ashckenazi-Polivoda et al. 2011).  88 
 Fig.1 89 
The diverse upper Coniacian, Santonian and Campanian sedimentary sequence (upper Menuha and Mishash 90 
formations) is enriched in silica (e.g., porcellanite beds, chert nodules and massive and brecciated chert beds) and 91 
phosphate (carbonate-fluorapatite). These lithologies disappear above the Campanian/Maastrichtian boundary 92 
(~72.1 Ma) when oil shale becomes the dominant deposit throughout the entire region, accompanied by 93 
significantly elevated organic carbon levels, during the lower part of the Ghareb Formation. This lithological shift 94 
was triggered by a change in the dominant forms of primary producers in the upper water column: from diatoms 95 
along the siliceous Campanian to calcareous nannoplankton (e.g., coccolithophorids) in the Maastrichtian, as also 96 
evident by thiophenic biomarkers (Sinninghe Damsté et al. 1990).  97 
Our study focuses on the high productivity deposits from two basins in southern (Negev – Saraf and PAMA 98 
sections) and central (Shefela - Aderet core) Israel (Fig. 2), which represent proximal and distal locations 99 
respectively, within the upwelling belt. These deposits contain highly abundant and diverse benthic and planktic 100 
foraminiferal assemblages, and therefore provide an ideal test case to study the association of benthic foraminifera 101 
and anoxic environments.        102 
 Fig.2 103 
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 104 
Materials and Methods 105 
 106 
Foraminifera.—175 samples were analyzed from the Shefela and Negev basins. Samples were disaggregated 107 
and soaked in a 3% sodium hypochlorite solution at 45°C for 3-9 days to remove the organic matter (OM) from the 108 
sediment. From each sample, ~ 300 benthic foraminiferal specimens from the > 63 μm size fraction were picked 109 
from a split aliquot representing the entire sample. Statistical analysis of the relative abundances of species was 110 
done using PAST software package (Hammer et al., 2001; Hammer and Harper, 2006).  111 
Petrography.—60 samples from the Shefela basin were prepared as thin sections and studied under reflected 112 
light, following the compilation of Flügel (2010 and references therein). Organic petrology analysis was carried out 113 
by Core Lab, Houston, Texas on 10 samples from the two basins. The whole-rock and kerogen concentrate 114 
polished slabs were analyzed under reflected light and oil immersion. The kerogen concentrates placed on glass 115 
slides were analyzed using transmitted white and reflected UV light. This analysis was carried out in order to 116 
identify the type of kerogen present in the samples, particularly if it dominantly originated from marine or 117 
terrestrial OM (e.g., Hutton 1987, 1991; Dyni 2005). 118 
Total organic carbon (TOC), total carbon (TC) and total sulfur (TS).—Carbon and sulfur content were 119 
measured using an SC632 LECO carbon and sulfur determinator on a total of 400 samples from the two basins. 120 
δ15Norg and δ13Corg.—Analysis was performed on 118 samples selected from the two basins using an Elemental 121 
Analyzer (1112 Flash EA, Thermo-Finnigan) interfaced with an Isotope Ratio Mass Spectrometer (EA-IRMS Delta 122 
V Plus, Thermo Scientific) for the Aderet core samples, and a Carlo Erba EA1110 elemental analyzer in line with 123 
Finnigan MAT252 stable isotope ratio mass spectrometer for the PAMA section samples (see full description of 124 
analysis in Schneider-Mor et al. 2012). The carbon and nitrogen isotopes were measured simultaneously from the 125 
same sample by peak jumping with mean standard deviation of 0.19‰ and 0.28‰ for δ13Corg and δ15Norg, 126 
respectively. All results are reported relative to PDB for δ13Corg and relative to air for δ15Norg. 127 
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Bulk and clay mineralogy.—XRD analysis was performed on 49 samples from the two basins using a Philips 128 
PW 1830 diffractometer. The procedure used for the kerogen removal is based on the Jackson Treatments (Jackson 129 
2005).  130 
Kerogen pyrolysis.—Rock-Eval 6 pyrolysis was performed on 103 samples from the Shefela basin to identify 131 
the type and maturity of the organic matter, following Tissot and Welte (1984), Emeis and Kvenvolden (1986), 132 
Lafargue et al. (1998) and Behar et al. (2001).  133 
Trace elements.—351 samples from the two basins were investigated by means of energy dispersive X-ray 134 
fluorescence analysis (ED-XRF) using an Epsilon 5 spectrometer (PANalytical). The results of the trace elements 135 
analyses have been interpreted by means of multivariate statistical methods in order to assess the inter-element 136 
relationships. This method groups related variables into a limited number of factors that account for a substantial 137 
proportion of the variance of the data. Details from this method are given in Costello and Osborne (2007) and Suhr 138 
(2009). STATISTICA 6.0 was used for principal component analysis (PCA). After extraction of principal 139 
components, factor axes were rotated by normalized Varimax method to facilitate the interpretation loadings and 140 
consequent interpretations of the depositional environment. 141 
Biomarker analysis.—GC–MS biomarker analyses were performed on a Trace GC Ultra gas chromatograph 142 
coupled with a dual stage quadrupole (DSQ II) mass spectrometer (Thermo Fisher) on 113 samples from the two 143 
basins. The data were recorded, processed and quantified with Xcalibur software (see full description of analysis in 144 
Schneider-Mor et al. 2012). 145 
 146 
Results 147 
 148 
Depositional Environment 149 
The environmental proxies analyzed in this study indicate a predominantly marine depositional environment 150 
with a very low contribution of continentally-derived material. The lithology of the studied sequence is mainly 151 
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composed of marine carbonates, a relatively low amount of clays (< 20%) and minor contribution of continentally 152 
derived minerals, such as quartz (Fig. 6). The marine origin of these sediments and lack of continentally derived 153 
sedimentation is also supported by the dominance of smectite IS (interstratified illite/smectite rich in smectite 154 
layers) in the clay fraction which has originated by conversion of the smectite transported from the open marine 155 
environment to the synclinal depositional basins (Shoval 2004).  156 
The petrographic classification is dominantly foraminiferal bioclastic wackestone. Some of the grains have 157 
undergone micritization at different extents, while bio-erosion is very rare. The matrix and non-skeletal grains 158 
throughout most of the section are made of dense dark micrite characteristic of pelagic settings, peloids and very 159 
few quartz and dolomite grains (Fig. 3). Dark mottles appear in the matrix throughout the section, as well as areas 160 
of dense black round peloid-like grains floating in the matrix and within cavities such as foraminiferal tests. These 161 
forms, as seen in transmitted light microscopy, are OM concentrations or pyrite crystals. No evidence (e.g., 162 
accumulation of shells, graded bedding, parallel and cross lamination, ripple bedding, erosion surfaces: cf. Boggs 163 
2009; Flügel 2010) supporting turbidities, tempestites or mass-flows were recognized.   164 
 Fig. 3,4,5 165 
The organic petrology analysis classifies the OM as marinite indicating that it is derived from marine 166 
phytoplankton, with a negligible contribution of terrestrial OM (Fig. 3): The analyzed samples typically contain 167 
sapropelic kerogen (H-rich), fluorescing amorphous matrix bituminite, minor laminate alginite, Tasmanales marine 168 
algae, and minor inertized spores and oxidized fragments. The matrix is calcareous, with few rhombohedral 169 
dolomite grains, pyrite, and plenty of foraminiferal shells, which are typical of marine oil shale (cf. Hutton 1987, 170 
1991; Dyni 2005). 171 
The marine source for the OM is also supported by the kerogen type II (Hutton et al. 1994) as indicated by 172 
Rock-Eval pyrolysis (Fig. 4). Ts/(Ts+Tm) is the ratio between 18α and 17α trisnorhopanes, which depends on the 173 
lithology and source and maturity of the OM (Moldowan et al. 1986). We assume that the very low Ts/(Ts+Tm) 174 
ratio in the Upper Cretaceous OM in Israel (Fig.5) reflects a low maturity clay-poor marine carbonate source rock 175 
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(Mckirdy et al. 1983; Peters et al. 2005). The low maturity of the OM is also implied by the low Rock-Eval Tmax 176 
mean value of 412°C. The very low dia/regular sterane ratio (Fig.5) is also indicative of a carbonate marine 177 
environment (Peters et al. 2005). This further supports a marine depositional environment with negligible 178 
continental contribution to the mineralogy or OM content of the sediments.   179 
Geochemical Evidence for an Anoxic-Dysoxic Bottom Water Environment.—Geochemical proxies used in this 180 
study provide ample evidence indicating anoxic-dysoxic bottom water conditions throughout the high productivity 181 
sequence. These include: The very high TOC content, reaching 22 wt.% and averaging at 11 wt.% (Fig. 7), 182 
characterized by low oxygen index (OI averaging at 28 mg CO2/g TOC) and very high hydrogen index (HI 183 
averaging at 726 mg HC/g TOC; Fig. 4); the very low pristane/phytane ratio averaging at 0.5 (Fig. 7); C35/C34 184 
homohopane ratio higher than 1 (Fig.6); high sulfur content reaching 5% and averaging at 2% (Fig. 7); and the 185 
common occurrences of chalcophile and redox sensitive trace elements (e.g., Zn, Cu, Ni, Cr, Y, As; Figs. 7-8). 186 
HI and OI indicate mainly the hydrogen and oxygen richness of the OM, which reflects both its original 187 
composition and diagenetic conditions. In general, marine OM accumulated under anoxic or dysoxic conditions is 188 
characterized by high HI and low OI (Tissot and Welte 1984; Emeis and Kvenvolden 1986). 189 
In most anoxic environments H2S originating from sulfate reduction will preferentially react with reduced iron 190 
to form iron monosulfides, which are transformed during diagenesis to pyrite (Berner 1970). However, the fact that 191 
in the studied sequence most of the sulfur is incorporated into the OM indicates that the supply of reduced iron in 192 
the water column was limited (Bein et al. 1990; Amrani et al. 2005; Alsenz et al. 2015). Such conditions are typical 193 
of highly productive upwelling systems with a restricted input of iron from terrigenous systems (Eglinton and 194 
Repeta 2011).   195 
Pristane (Pr) and phytane (Ph) (C19 and C20 isoalkanes, respectively) are very common constituents of oil and 196 
solvent extract of the organic fraction in hydrocarbon source rocks. The ratio of pristane to phytane is widely 197 
attributed mainly to the redox conditions at the depositional environment of the source rock (e.g., Didyk et al. 198 
1978). This notion stems from the initial assumption that both Pr and Ph are mainly diagenetic products of the 199 
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phytyl side chain of chlorophyll due to differential reactions which are dependent on the depositional redox 200 
conditions (Maxwell et al. 1972; Powell and McKirdy 1973). However, several other factors (e.g., thermal 201 
maturity, variable biomolecules sources, diagenetic effects) have been shown to influence the level of the Pr/Ph 202 
ratio determined from crude oils, coal and sedimentary OM and suggest that its use as an indicator for redox 203 
conditions should be done in conjunction with other paleoenvironmental proxies (e.g., Ten Haven et al. 1987; 204 
Rowland 1990; Kohnen et al. 1991; Peters et al. 2005). Nevertheless, the very low Pr/Ph ratio obtained in this 205 
study (averaging at 0.5; Fig. 7), and in concurrence with the very high TOC values and other geochemical proxies, 206 
appears to mainly reflect redox depositional conditions and is indicative of anoxic-dysoxic conditions. 207 
The C35/C34 homohopane ratio is often used as an indicator of the redox potential during and immediately after 208 
deposition of the source sediments (Peters and Moldowan 1991; Peters et al. 2005). In this study, the high C35/C34 209 
homohopane ratio (>1; Fig. 5) supports the occurrence of anoxic conditions. The very low dia/regular sterane ratio 210 
(Fig. 5) is also considered as indicative of an anoxic environment (Peters et al. 2005). 211 
Changes in the degree of water oxygenation are marked by a factor which includes redox sensitive and 212 
chalkophile elements, the content of which increases during times of low redox conditions (Fig. 8). A high 213 
correlation (R = 0.94) is recorded between changes in the degree of oxygenation and TOC (Fig. 8C). The trace 214 
element analysis further suggests that within this sequence, a conspicuously distinct indication for anoxic 215 
conditions occurred following the Campanian/Maastrichtian boundary, within the TOC-rich zone (Figs. 7-8). 216 
 Fig.6,7 217 
Denitrification In An Oxygen-Depleted Environment.— δ13Corg values are very low (-30‰ to -26‰) throughout 218 
the high productivity sequence (Fig. 7), possibly reflecting selective removal of 13C-enriched carbohydrates and 219 
protein fractions via denitrification or anammox under oxygen-deficient conditions in bottom waters (Meyers 220 
1994; Lehmann et al. 2002; Schneider-Mor et al. 2012). However, these values might also represent periods of 221 
elevated pCO2 or a more dense stratification of the surface ocean in the high productivity environment (Meyers 222 
2014). 223 
Aaron Meilijson 11 
 
11 
 
The positive shift in δ15Norg records from 0‰ to ~7‰ from the Santonian to the Maastrichtian (Fig. 7), can be 224 
interpreted in several ways by comparison with studies of present-day oceanography. If the mean marine δ15N 225 
values in the Late Cretaceous had a different base line than today, then this shift might be equivalent to a shift from 226 
present-day deep ocean δ15N of ~5‰ to 12‰, which is considered as indicative of denitrification (Sigman et al. 227 
2000; Galbraith et al. 2013). If so, then denitrification in the water column was more substantial during the 228 
Maastrichtian relative to the lower part of the sequence. 229 
Conversely, if present-day and Cretaceous normal marine δ15N values distribute similarly, then those acquired 230 
in the present study might represent an earlier stage of the δ15N cycle (as presented by Quan et al. 2008, 2013). 231 
Nitrifying bacteria are obligate aerobes, while denitrifiers are facultative anaerobes (Quan et al., 2008). When there 232 
is no oxygen in the water column, nitrate cannot be formed and, as a result, the only available nitrogen is fixed 233 
through atmospheric N2 by diazotrophic bacteria with a δ15N value close to zero (Quan et al., 2008; Higgins et al., 234 
2012; Robinson et al., 2012). As oxygen levels rise in the water column to dysoxic conditions, so do the nitrate 235 
concentrations, leading to an increase in the levels of denitrification that, in turn, removes isotopically-light nitrate. 236 
Denitrification processes peak towards (but not at) the establishment of oxic conditions reaching δ15N value of 237 
12‰, which drop back to ca. 6‰ during the oxygenated phase. According to this model, the δ15Norg records 238 
obtained in this study represent complete anoxia at the lower Santonian to lower Campanian part of the section and 239 
dysoxic conditions during the Maastrichtian. While the scope of this study does not provide a definitive 240 
explanation for the δ15N values, both models presented above support the up-section increasing occurrence of 241 
denitrification processes, which were much more substantial following the Campanian/Maastrichtian boundary. 242 
 Fig. 8 243 
 244 
Faunal and Morphotype Analyses of Benthic Foraminifera 245 
A high number of 160 species of benthic foraminifera were identified in the studied sequence (representation of 246 
the most abundant species appears in Table 1), indicating that the prevalence of long term anoxic-dysoxic bottom 247 
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water conditions of the upwelling regime actually supported diverse benthic communities. Moreover, the distinct 248 
blooming events of particular species during the Santonian and Campanian interval (Figs. 9-10) suggests that 249 
certain adaptations enabled them to effectively colonize these environments. 250 
 Fig. 9,10   251 
The most striking faunal change is the shift from bi- and triserial (mainly buliminid) dominated to diverse 252 
trochospiral dominated assemblages, occurring regionally around the Campanian/Maastrichtian boundary. These 253 
changes are best illustrated by the clustering of three main benthic foraminiferal assemblages (Figs. 9-11) that are 254 
distinguished by their test morphology, lithological association and the time period in which they were dominant. 255 
These include: (A) bi- and triserial (buliminid) forms; (B) trochospiral forms; and (C) mainly uniserial forms. Each 256 
assemblage is also subdivided by a 2nd order clustering.  257 
R-mode cluster A.—This assemblage is most dominant during the Santonian-Campanian, an interval also 258 
characterized by very high BFN (benthic foraminiferal numbers; Fig. 9), which then drastically decrease during the 259 
Maastrichtian (Fig. 9). Assemblage A (Fig. 11A) includes two sub-groups: A1 includes mainly Praebulimina 260 
(mostly P. prolixa), Neobulimina (mostly N. canadensis) and the species Elhasaella alanwoodi, while A2 includes 261 
mainly biserial species (e.g., Bolivinoides; Fig. 11A).  262 
An ecological inference based on traditional morphotype approaches (living foraminifera: Corliss and Chen 263 
1988 Corliss 1991; fossil record: Thomas 1990; Widmark and Malmgren 1992) and the common life habitats of the 264 
dominant species within this cluster (Thomas 1990; Widmark and Malmgren 1992; Almogi-Labin et al. 1993; Hart 265 
1996; Widmark 2000; Alegret et al. 2001; Alegret and Thomas 2009; Ashckenazi-Polivoda et al. 2010, 2011; 266 
Almogi-Labin et al. 2012), suggests that species of assemblage A were generally endobenthic and possibly adapted 267 
to low oxygen environments and/or high food flux. According to the TROX model (Jorissen et al. 2007), these 268 
endobenthic species might migrate to the sediment surface in these extreme settings.  269 
R-mode cluster B.—This assemblage mainly consists of trochospiral forms (Fig. 11B) with relatively low BFN 270 
values (Fig. 9). It is dominant from the Campanian/Maastrichtian boundary up through most of the Maastrichtian. 271 
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The majority of species belonging to cluster B1 have a relatively smooth test (e.g., Gyroidinoides, Oridorsalis), 272 
while all species of cluster B2 are heavily perforated by macro pores located primarily on the umbilical side (e.g., 273 
gavelinellids, Anomalinoides, Cibicides).  274 
The spiral-morphotype species clustered into assemblage B are generally indicative of an epibenthic life mode, 275 
bottom water aeration and/or a lower flux of OM to the seafloor (Thomas 1990; Widmark and Malmgren 1992; 276 
Almogi-Labin et al. 1993; Hart 1996; Widmark 2000; Alegret et al. 2001; Alegret and Thomas 2009; Ashckenazi-277 
Polivoda et al. 2011; Almogi-Labin et al. 2012). Yet the relative dominance of this fauna within the TOC-rich zone 278 
and the strong line of evidence from geochemical proxies indicate that species belonging to this assemblage might 279 
have been adapted for life in the absence or near absence of oxygen.  280 
R-mode cluster C.—The most common benthic foraminifera in assemblage C are Siphonodosaria (cylindrical 281 
erect morphology and highly ornamented with spines; Fig. 11C), Nodosaria longiscata (cylindrical erect with a 282 
smooth test) and, to a lesser extent, diverse forms of nodosariids. Cluster C1 is always the dominant sub-group. 283 
Cluster C2 is the only cluster that does not comply with the morpho-group division. It includes a few species with 284 
low occurrences characterized by planispiral morphologies (Fig. 11C). The relative abundance of assemblage C 285 
substantially increases from the Campanian/Maastrichtian boundary, coinciding with the bi-triserial/trochospiral 286 
overturn (Fig. 9). Several Nonionella species remain un-clustered. They appear only during the Campanian, at 287 
relatively low numbers in the Shefela basin but at considerably higher amounts in the Negev. 288 
 Fig. 11 289 
 290 
Discussion 291 
 292 
Physiological Adaptations and Food Type Dependency of Benthic Foraminifera 293 
The unique sedimentary sequence of the Late Cretaceous upwelling regime provides clear evidence for a 294 
widespread and long-lived (~19 Myr) colonization of anoxic to dysoxic bottom water environments by diverse 295 
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benthic foraminiferal communities. Our records also suggest that the prominent change from buliminid dominated 296 
to diverse trochospiral and uniserial dominated assemblages, near the Campanian/Maastrichtian boundary and 297 
coinciding with a distinct regional change in lithology, was triggered by a shift in the type of primary producers in 298 
the upper water column. This shift enforced a change in the life strategies used by the benthic foraminifera to 299 
survive these conditions. Following is a discussion on inferred adaptations and environmental factors which may 300 
have facilitated the survival of these diverse species under the Late Cretaceous anoxic-dysoxic conditions of the 301 
Levant. 302 
 303 
Kleptoplastidy and Bacterial Symbionts.—Kleptoplastidy is the ability of heterotrophic organisms, including 304 
foraminifera, to preserve chloroplasts of algal prey they eat (e.g., Pillet et al. 2011). In this unusual ‘symbiotic’ 305 
association, the photosynthetic organelle is retained by the hosting foraminifera (Bernhard and Bowser 1999). This 306 
chloroplast husbandry plays an important role in surviving deep-water aphotic dysoxic environments (Bernhard 307 
and Bowser 1999; Bernhard 2003).  308 
Living foraminifera sequestering plastids include both coiled and bi-triserial forms (e.g., Haynesina germanica, 309 
Bulimina elegantissima, Nonionella stella). All of these species share morphologic features that enable extraction 310 
of chloroplasts from their algal prey. These include: ‘teeth’ rimming the apertures, toothed fossettes, a serrated 311 
toothplate, elaborate test ornamentation, double-folded lip apertures and/or tubercules (Bernhard and Bowser 1999 312 
and references therein). Contact against the sharp tubercules or teeth (Fig. 11D) rasps the moving prey, ultimately 313 
disarticulating the frustules and tearing the cell wall (Bernhard and Bowser 1999; Austin et al. 2005). Bernhard and 314 
Bowser (1999) suggested that these ornamentations can be used to identify fossil species likely to have sequestered 315 
chloroplasts.  316 
Several of these features are found among the species that bloomed during the Campanian, an interval also 317 
marked by a high abundance of diatoms (Fig. 11D): Praebulimina prolixa, the most dominant species in this part 318 
of the sequence, has a surface covered with tiny pustules, a loop-shaped line of “teeth” surrounding the aperture 319 
and a toothplate; Praebulimina sp. 2 has a serrated toothplate; and, N. canadensis has an extensive toothplate and a 320 
double-folded lip aperture. This raises the possibility that the buliminid blooms might have been a result of their 321 
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advantageous adaptation to low-oxygen settings by using diatom chloroplast sequestration. While these buliminids 322 
are generally considered endobenthic (Corliss and Chen 1988; Thomas 1990; Corliss 1991; Widmark and 323 
Malmgren 1992), according to the TROX model (Jorissen et al. 2007), in food-rich oxygen-poor environments 324 
these taxa would migrate to the uppermost part of the sediment and on top of it, acquiring an epibenthic mode. This 325 
might have facilitated them in obtaining fresh diatom chloroplasts.  326 
Another supporting indication for kleptoplastidy during the diatom-dominated Campanian is the distribution of 327 
several Nonionella species identified throughout the region, representing one of the very few spiral species found 328 
in high abundances in this interval. Species of Nonionella have been reported to perform kleptoplastidy in modern 329 
upwelling belts (Bernhard and Bowser 1999; Bernhard et al. 2003).  330 
Several foraminifera species were found to host bacteria that are known to aid aerobic inhabitants of sulfidic 331 
environments (Bernhard 2003; Bernhard et al. 2006; Bernhard et al. 2010; Kuhnt et al. 2013), some of which have 332 
been also found to sequester chloroplasts. These studies show that ectobionts (Bernhard et al. 2010) are directly 333 
associated with the pores of the foraminifera test (Kuhnt et al. 2013), indicating that perforated tests may provide 334 
an adaptive advantage for associations with ectobionts. Consequently, the highly perforated test of P. prolixa 335 
(macro-pores) and N. canadensis (micro-pores) might also indicate an adaptation to a sulfidic bottom water 336 
environment. 337 
Subsequently, we propose that the dominant species of assemblage A1 bloomed during the Campanian, 338 
specifically in association with the siliceous deposits, due to their adaptation of diatom-related kleptoplastidy. In 339 
the relatively proximal deposits of the Negev, where siliceous lithologies are most apparent, the buliminid 340 
dominance reaches 98% of the assemblage and is uninterrupted. However, in the more distal area of the Shefela 341 
basin, where siliceous lithologies are much less apparent, the buliminid dominance is interrupted by several 342 
discrete intervals in which different trochospiral species become dominant (Fig. 2). The regional primary producer 343 
turnover from diatoms to calcareous nannoplankton which occurred around the Campanian/Maastrichtian boundary 344 
marks the practical disappearance from the entire region of these potentially kleptoplastidic species. 345 
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 346 
The Maastrichtian Benthic Predicament – Possible Denitrification in Benthic Foraminifera.—While the near-347 
disappearance of assemblage A taxa around the Campanian/Maastrichtian boundary can be explained by the 348 
primary producer turnover, the following establishment of the seemingly normal marine assemblage B taxa in the 349 
anoxic TOC-rich zone presents a predicament. One possibility is that this assemblage is allochthonous and was 350 
transported to the area from more oxygenated parts of the basin. However, this possibility is unlikely since the 351 
foraminiferal tests are well preserved, they do not appear in distinct laminae and there is no evidence of turbidites, 352 
tempestites or mass-flows in the sediment (Fig. 3). Another explanation is that these taxa have settled during brief 353 
intervals of ventilated seafloor conditions, as suggested in the past concerning the occurrence of inoceramids in the 354 
Demerara Rise black shales (Berrocoso et al. 2008). A similar rational was presented regarding the occurrence of 355 
benthic foraminifera along the Cretaceous OAEs black shales (Friedrich 2010). Yet almost all of the OAEs were 356 
short term events, different in their chemistry, lithology and paleoceanographic environment from the ~19 Myr 357 
southern Tethys upwelling system. While rapid colonization strategies might favor seasonality and short term 358 
events, a long term event of a stable high productivity/low oxygen environment might promote the development of 359 
adaptive life strategies. The fact that the transition into the epibenthic-spiral dominated assemblages coincided with 360 
a long period of uninterrupted lowest oxygen levels (Figs. 7, 9), makes the scenario of periodic oxygenation less 361 
likely. The presence of inoceramids (whole specimens or well preserved prisms) at certain intervals along both 362 
sections (Fig. 9), might indicate short-lived more aerated dysoxic events. However, changes in the benthic 363 
foraminiferal populations are not recorded along the intervals containing inoceramids. Additionally, inoceramids 364 
were particularly specialized at living in low-oxygen settings and are reported as pioneer species in dysoxic 365 
Cretaceous basins (Sageman and Bina 1997; Henderson 2004). Therefore, their presence in the Levant sections 366 
does not contradict the geochemical evidences of continued anoxic-dysoxic conditions.     367 
We postulate that the longevity of the high productivity system and the environmental changes which occurred 368 
along this sequence facilitated the benthic foraminifera in developing an adaptation to living in anoxic conditions 369 
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by using denitrification. Recently, foraminifera have been shown to be capable of denitrification, demonstrating 370 
that foraminifera may also participate in the direct removal of dissolved nitrate from the ocean (Risgaard-Petersen 371 
et al. 2006). Both culturing and field studies suggest that the ability of foraminifera to denitrify is a widespread 372 
phenomenon (Høgslund et al. 2008; Leiter and Altenbach 2010; Piña-Ochoa et al. 2010; Bernhard et al. 2012a,b), 373 
including dozens of foraminiferal species from a wide taxonomic range. The majority of field observations were 374 
conducted in areas of intense upwelling (Høgslund et al. 2008; Leiter and Altenbach 2010; Glock et al. 2013). 375 
Foraminifera are reported as significant benthic denitrifiers in the oxygen minimum zone (OMZ) off Peru, 376 
representing 29-50% of the benthic denitrification occurring in the central part of this zone (Glock et al. 2013).         377 
Since benthic foraminiferal denitrification was found to be widespread in today's oceans, it can be assumed that 378 
this was also an adaptation possibly used by some of the benthic species along the geologic record. However, while 379 
denitrification respiratory pathways in living foraminifera are increasingly reported, there are no known proxies or 380 
morphological evidence for identifying them in the fossil record. Nevertheless, the δ15Norg and δ13Corg data 381 
analyzed in the present study support the notion that denitrification processes intensified following the 382 
Campanian/Maastrichtian boundary. Consequently, the ability of these taxa to use denitrification pathways might 383 
account both for this assemblage's first occurrence in the middle part of the core and for its co-occurrence with the 384 
anoxic-indicative geochemical proxies during the Maastrichtian. However, we do not fully dismiss a model that 385 
would involve repopulation events during brief ventilation events which are unidentifiable at the sampling 386 
resolution of the current study, and maintain this as a potential mechanism providing new stocks of taxa during 387 
semi-permanent anoxia.  388 
 389 
Food Type Availability.—The change in algal source might have also affected the distribution of the dominant 390 
species within assemblage C1 - the Siphonodosaria species and N. longiscata. These species belong to two families 391 
(Stilostomellidae  and Nodosariidae, respectively) which, in the mid-Pleistocene, experienced one of the greatest 392 
extinction events in recorded benthic foraminiferal turnovers (Hayward et al., 2012). Previous studies have also 393 
Aaron Meilijson 18 
 
18 
 
shown a high positive correlation between their abundances and low-oxygen/high food supply prior to their decline 394 
(Hayward et al., 2012 and references therein). Their extinction was shown to coincide with a decline in the 395 
diversity of dinoflagellates and calcareous nannoplankton, and a large increase in diversity of diatoms (Hayward et 396 
al., 2012). Consequently, the dominance of diatoms in the Campanian and the shift to calcareous nannoplankton at 397 
the Campanian/Maastrichtian boundary might have been the precursor for cylindrical proliferation during the 398 
Maastrichtian in the Levant. 399 
 400 
Conclusion 401 
 402 
1. Multi-proxy analysis of the Upper Cretaceous high productivity sequence from proximal and distal basins in 403 
Israel provides clear evidence that different benthic foraminifera species could survive and sustain large 404 
populations under long term anoxic to dysoxic bottom water conditions.  405 
2. Massive blooms of triserial (buliminids) benthic foraminifera with distinct apertural and test morphologies 406 
during the Campanian imply that their ability to survive anoxic conditions was perhaps achieved by their capability 407 
to sequester diatom chloroplasts and associate with bacteria, in a similar manner as their modern analogs.  408 
3. Diverse trochospiral forms existed during the Maastrichtian possibly by using nitrate instead of oxygen for 409 
their respiratory pathways, or by symbiosis with denitrifying bacteria, in a denitrifying environment.  410 
4. Species belonging to the Stilostomellidae and Nodosariidae families might have been affected by the change 411 
in food type arriving to the seafloor after the Campanian/Maastrichtian boundary, in a similar manner as their mid-412 
Pleistocene descendants prior to their decline. 413 
5. This study promotes the need for a re-evaluation of the current models used for interpreting benthic 414 
foraminiferal assemblages. It demonstrates that identification of adaptations and mechanisms involved in 415 
promoting sustained life under dysoxic and even anoxic conditions should become a standard in faunal 416 
paleoceanographic studies. 417 
Aaron Meilijson 19 
 
19 
 
 418 
Acknowledgments 419 
 420 
We wish to express our gratitude to Israel Energy Initiatives Ltd. for the use of the Aderet core material and 421 
laboratory equipment. We thank Noël Vandenberghe and Rieko Adriaens from KU Leuven for their contribution in 422 
the XRD analysis and the anonymous reviewers for their valuable comments and suggestions. The research was 423 
supported by GIF - The German-Israeli Foundation for Scientific Research and Development grant no. 956-424 
38.8/2007 and by the Israeli Ministry of Infrastructure grant no. 277-17-018. 425 
 426 
References 427 
 428 
Alegret, L., and E. Thomas. 2009. Food supply to the seafloor in the Pacific Ocean after the Cretaceous/Paleogene 429 
boundary event. Marine Micropaleontology 73:105-116. 430 
Alegret, L., E. Molina, and E. Thomas. 2001. Benthic foraminifera at the Cretaceous-Tertiary boundary around the 431 
Gulf of Mexico. Geology 29:891-894. 432 
Almogi-Labin, A., A. Bein, and E. Sass. 1993. Late Cretaceous upwelling system along the southern Tethys 433 
margin (Israel): Interrelationship between productivity bottom water environments and organic matter 434 
preservation. Paleoceanography 8:671-690. 435 
Almogi-Labin, A., S. Ashckenazi-Polivoda, Y. Edelman-Furstenberg, and C. Benjamini. 2012. Anoxia-Dysoxia at 436 
the sediment-water interface of the Southern Tethys in the Late Cretaceous: Mishash Formation, southern 437 
Israel. Pp. 553-572 in A. V. Altenbach, J. M. Bernhard, and J. Seckbach, eds. Anoxia, evidence for 438 
eukaryote survival and paleontological strategies. Springer, Dordrecht. 439 
Alsenz, A., P. Illner, S. Ashckenazi-Polivoda, A. Meilijson, S. Abramovich, S. Feinstein, A. Almogi-Labin, Z. 440 
Berner, and W. Püttmann. 2015. Geochemical evidence for the link between sulfate reduction, sulfide 441 
Aaron Meilijson 20 
 
20 
 
oxidation and phosphate accumulation in a late Cretaceous upwelling system. Geochemical Transactions 442 
16. doi: 10.1186/s12932-015-0017-1. 443 
Altenbach, A. V., J. M. Bernhard, and J. Seckbach, eds. 2012. Anoxia, evidence for eukaryote survival and 444 
paleontological strategies. Springer, Dordrecht. 445 
Amrani, A., M. D. Lewan, and Z. Aizenshtat. 2005. Stable sulfur isotope partitioning during simulated petroleum 446 
formation as determined by hydrous pyrolysis of Ghareb Limestone, Israel. Geochimica et Cosmochimica 447 
Acta 69:5317-5331. 448 
Ashckenazi-Polivoda, S., Y. Edelman-Furstenberg, A. Almogi-Labin, and C. Benjamini. 2010. Characterization of 449 
lowest oxygen environments within ancient upwelling environments: Benthic foraminifera assemblages. 450 
Palaeogeography Palaeoclimatology Palaeoecology 289:134-144. 451 
Ashckenazi-Polivoda, S., S. Abramovich, A. Almogi-Labin, A. Schneider-Mor, S. Feinstein, W. Puttmann, and Z. 452 
Berner. 2011. Paleoenvironments of the latest Cretaceous oil shale sequence, Southern Tethys, Israel, as an 453 
integral part of the prevailing upwelling system. Palaeogeography Palaeoclimatology Palaeoecology 454 
305:93-108. 455 
Austin, H. A., W. E. Austin, and D. M. Paterson. 2005. Extracellular cracking and content removal of the benthic 456 
diatom Pleurosigma angulatum (Quekett) by the benthic foraminifera Haynesina germanica (Ehrenberg). 457 
Marine Micropaleontology 57:68-73. 458 
Bein, A., A. Almogi-labin, and E. Sass. 1990. Sulfur Sinks and Organic-Carbon Relationships in Cretaceous 459 
Organic-Rich Carbonates - Implications for Evaluation of Oxygen-Poor Depositional-Environments. 460 
American Journal of Science 290:882-911. 461 
Behar, F., V. Beaumont, and H. L. De B. Penteado. 2001. Rock-Eval 6 technology: performances and 462 
developments. Oil & Gas Science and Technology – Revue d'IFP 56:111-134. 463 
Berner, R. A. 1970. Sedimentary pyrite formation. American Journal of Science 268:1–23. 464 
Bernhard, J. M. 2003. Potential symbionts in bathyal foraminifera. Science 299:861-861. 465 
Aaron Meilijson 21 
 
21 
 
Bernhard, J. M., and S. S. Bowser. 1999. Benthic foraminifera of dysoxic sediments: chloroplast sequestering and 466 
functional morphology. Earth-Science Reviews 46:149-165.  467 
Bernhard, J.M., and C. E. Reimers. 1991. Benthic foraminiferal population fluctuations related to anoxia: Santa 468 
Barbara Basin. Biogeochemistry 15:127-149. 469 
Bernhard, J. M., and B. K. Sen Gupta. 1999. Foraminifera of oxygen-depleted environments. Pp. 201-216 in B.K. 470 
Sen Gupta, ed. Modern foraminifera. Kluwer Academic Publishers, Dordrecht. 471 
Bernhard, J. M., P. T. Visscher, and S. S. Bowser. 2003. Submillimeter life positions of bacteria, protists, and 472 
metazoans in laminated sediments of the Santa Barbara Basin. Limnology and Oceanography 48:813-828. 473 
Bernhard, J. M., A. Habura, and S. S. Bowser. 2006. An endobiont-bearing allogromiid from the Santa Barbara 474 
Basin: Implications for the early diversification of foraminifera. Journal of Geophysical Research: 475 
Biogeosciences 111:G03002. 476 
Bernhard, J. M., S. T. Goldstein, and S. S. Bowser. 2010. An ectobiont-bearing foraminiferan, Bolivina pacifica, 477 
that inhabits microxic pore waters: cell-biological and paleoceanographic insights. Environmental 478 
Microbiology 12:2107-19. 479 
Bernhard, J. M., K. L. Casciotti, M. R. McIlvin, D. J. Beaudoin, P. T. Visscher, and V. P. Edgcomb. 2012a. 480 
Potential importance of physiologically diverse benthic foraminifera in sedimentary nitrate storage and 481 
respiration. Journal of Geophysical Research: Biogeosciences 117. doi: 10.1029/2012JG001949. 482 
Bernhard, J. M., V. P. Edgcomb, K. L. Casciotti, M. R. McIlvin, and D. J. Beaudoin. 2012b. Denitrification likely 483 
catalyzed by endobionts in an allogromiid foraminifer. Multidisciplinary Journal of Microbial Ecology 484 
6:951-960. 485 
Berrocoso, A. J., K. G. MacLeod, S. E. Calvert, and J. Elorza. 2008. Bottom water anoxia, inoceramid 486 
colonization, and benthopelagic coupling during black shale deposition on Demerara Rise (Late Cretaceous 487 
western tropical North Atlantic). Paleoceanography 23:PA3212. 488 
Boggs, J. S. 2009. Petrology of sedimentary rocks (2nd ed.). Cambridge University Press, Cambridge. 489 
Aaron Meilijson 22 
 
22 
 
Corliss, B. H. 1991. Morphology and microhabitat preferences of benthic foraminifera from the northwest Atlantic 490 
Ocean. Marine Micropaleontology 17:195-236.  491 
Corliss, B. H., and C. Chen. 1988. Morphotype patterns of Norwegian Sea deep-sea benthic foraminifera and 492 
ecological implications. Geology 16:716-719. 493 
Costello, A. B., and J. W. Osborne. 2007. Best practices in exploratory factor analysis: four recommendations for 494 
getting the most from your analysis. Practical Assessment Research & Evaluation 10:1-8. 495 
Didyk, B. M., B. R. T. Simoneit, S. C. Brassell, and G. Eglinton. 1978. Organic geochemical indicators of 496 
palaeoenvironmental conditions of sedimentation. Nature 272:216–222. 497 
Dyni, J. R. 2005. Geology and resources of some world oil-shale deposits. U.S. Geological Survey Scientific 498 
Investigations Report 2005–5294. 499 
Emeis, K. C., and K. A. Kvenvolden. 1986. Shipboard organic geochemistry on JOIDES RESOLUTION. Ocean 500 
Drilling Program Technical Report No. 7, Ocean Drilling Program, College Station, Texas.  501 
Eglinton T. I., and D. J. Repeta. 2011. Organic matter in the contemporary ocean. Pp. 145-180 in H. D. Holland, 502 
and K. K., Turekian, eds. Geochemistry of earth surface systems: from the treatise on geochemistry. 503 
Elsevier/Academic Press, Amsterdam, Boston. 504 
Fleischer, L., and R. Gafsou. 2003. Top Judea Group- digital structural map of Israel (1:200.000). Geophysical 505 
institute of Israel Report 753/312/03. 506 
Flügel, E. 2010. Microfacies of carbonate rocks. Springer, Heidelberg. 507 
Friedrich, O. 2010. Benthic foraminifera and their role to decipher paleoenvironment during mid-Cretaceous 508 
Oceanic Anoxic Events - the "anoxic benthic foraminifera" paradox. Revue de Micropaleontologie 53:175-509 
192. 510 
Galbraith, E. D., M. Kienast, A. L. Albuquerque, M. A. Altabet, F. Batista, D. Bianchi, S. E. Calvert, S. Contreras, 511 
X. Crosta, R. De Pol-Holz, N. Dubois, J. Etourneau, R. Francois, T. C. Hsu, T. Ivanochko, S. L. Jaccard, S. 512 
J. Kao, T. Kiefer, S. Kienast, M. F. Lehmann, P. Martinez, M. McCarthy, A. N. Meckler, A. Mix, J. 513 
Aaron Meilijson 23 
 
23 
 
Mobius, T. F. Pedersen, L. Pichevin, T. M. Quan, R. S. Robinson, E. Ryabenko, A. Schmittner, R. 514 
Schneider, A. Schneider-Mor, M. Shigemitsu, D. Sinclair, C. Somes, A. S. Studer, J. E. Tesdal, R. Thunell, 515 
and J. Y. T. Yang. 2013. The acceleration of oceanic denitrification during deglacial warming. Nature 516 
Geoscience 6:579-584. 517 
Geslin, E., N. Risgaard-Petersen, F. Lombard, E. Metzger, D. Langlet, and F. Jorissen. 2011. Oxygen respiration 518 
rates of benthic foraminifera as measured with oxygen microsensors. Journal of Experimental Marine 519 
Biology and Ecology 396:108-114. 520 
Geslin, E., C. Barras, D. Langlet, M. P. Mardelli, J. H. Kim, J. Bonnin, E. Metzger, and F. Jorissen. 2014. Survival, 521 
reproduction and calcification of three benthic foraminiferal species in response to experimentally induced 522 
hypoxia. Pp. 163-193 in H. Kitazato and J. M. Bernhard, eds. Approaches to Study Living Foraminifera. 523 
Springer, Japan. 524 
Glock, N., J. Schönfeld, A. Eisenhauer, C. Hensen, J. Mallon, and S. Sommer. 2013. The role of benthic 525 
foraminifera in the benthic nitrogen cycle of the Peruvian oxygen minimum zone. Biogeosciences 10:4767-526 
4783. 527 
Gooday, A. J., J. M. Bernhard, L. A. Levin, and S. B. Suhr. 2000. Foraminifera in the Arabian Sea oxygen 528 
minimum zone and other oxygen-deficient settings: taxonomic composition, diversity, and relation to 529 
metazoan faunas. Deep-Sea Research Part II-Topical Studies in Oceanography 47:25-54. 530 
Grantham, P. J., and L. L. Wakefield. 1988. Variations in the sterane carbon number distributions of marine source 531 
rock derived crude oils through geological time. Organic Geochemistry 12:61-73. 532 
Hammer, Ø., and D. A. T., Harper. 2006. Paleontological data analysis. Blackwell, Oxford. 533 
Hammer, Ø., D. A. T., Harper, and P. D., Ryan. 2001. PAST: palaeontological statistics software package for 534 
education and data analysis. Palaeontologia Electronica 4(1):9 pp. http://palaeo-535 
electronica.org/2001_1/past/issue1_01.htm. 536 
Harman, H. H. 1976. Modern factor analysis. University of Chicago Press, Chicago. 537 
Aaron Meilijson 24 
 
24 
 
Hart, M. B. 1996. Biotic recovery from mass extinction events. Geological Society of London Special Publication 538 
102, London. 539 
Hayward, B. W., S. Kawagata, A. Sabaa, H. Grenfell, L. Van Kerckhoven, K. Johnson, and E. Thomas. 2012. The 540 
last global extinction (Mid-Pleistocene) of deep-sea benthic foraminifera (Chrysalogoniidae, 541 
Ellipsoidinidae, Glandulonodosariidae, Plectofrondiculariidae, Pleurostomellidae, Stilostomellidae), their 542 
Late Cretaceous-Cenozoic history and taxonomy. Cushman Foundation for Foraminiferal Research Special 543 
Publication 43. 544 
Henderson, R. A. 2004. A Mid-Cretaceous association of shell beds and organic rich shale: bivalve exploitation of 545 
nutrient-rich, anoxic sea-floor environment. Palaios 19:156-169. 546 
Higgins, M. B., R. S. Robinson, J. M. Husson, S. J. Carter, and A. Pearson. 2012. Dominant eukaryotic export 547 
production during ocean anoxic events reflects the importance of recycled NH4+. Proceedings of the 548 
National Academy of Sciences of the United States of America 109:2269-2274. 549 
Høgslund, S., N. P. Revsbech, T. Cedhagen, L. P. Nielsen, and V. A. Gallardo. 2008. Denitrification, nitrate 550 
turnover, and aerobic respiration by benthic foraminiferans in the oxygen minimum zone off Chile. Journal 551 
of Experimental Marine Biology and Ecology 359:85-91. 552 
Hutton, A. C. 1987. Petrographic classification of oil shales. International Journal of Coal Geology 8:203-231. 553 
Hutton, A. C. 1991. Classification, organic petrography and geochemistry of oil shales. Proceedings 1990 Eastern 554 
Oil Shale Symposium. University of Kentucky Institute for Mining and Minerals Research, Lexington. 555 
Hutton, A., S. Bharati, and T. Robl. 1994. Chemical and petrographic classification of kerogen/macerals. Energy 556 
and Fuels 8:1478-1488. 557 
Jackson M. L. 2005. Soil chemical analysis, advanced course. Revision of 2nd edition. Parallel, Wisconsin.   558 
Jorissen, F. J., C. Fontanier, and E. Thomas. 2007. Paleoceanographical proxies based on deep sea benthic 559 
foraminiferal assemblage characteristics. Pp. 263–325 in C. Hillaire Marcel, and A. de Vernal, eds. Proxies 560 
in Late Cenozoic paleoceanography, Volume 1. Developments in marine geology. Elsevier, New York. 561 
Aaron Meilijson 25 
 
25 
 
Kohnen M. E. L., J. S. Sinninghe Damsté, and J. W. De Leeuw. 1990. Alkylthiophenes as sensitive indicators of 562 
paleoenvironmental changes: A study of a Cretaceous oil shale from Jordan. Pp. 444-485 in W. L. Orr, and 563 
C. M. White, eds. Geochemistry of Sulfur in Fossil Fuels. ACS Smposium Series 429. 564 
Koho, K., and E. Piña-Ochoa. 2012. Benthic foraminifera: inhabitants of low-oxygen environments. Pp. 249-285 in 565 
A. V. Altenbach, J. M. Bernhard, and J. Seckbach, eds. Anoxia, evidence for eukaryote survival and 566 
paleontological strategies. Springer, Dordrecht. 567 
Kuhnt, T., O. Friedrich, G. Schmiedl, Y. Milker, A. Mackensen, and A. Luckge. 2013. Relationship between pore 568 
density in benthic foraminifera and bottom-water oxygen content. Deep-Sea Research Part I-Oceanographic 569 
Research Papers 76:85-95. 570 
Lafargue, E., J. Espitalié, F. Marquis, and D. Pilot. 1998. Rock-Eval 6 applications in hydrocarbon exploration, 571 
production and soil contamination studies. Oil & Gas Science and Technology 53:421-437. 572 
Langlet, D., C. Baal, E. Geslin, E. Metzger, M. Zuschin, B. Riedel, N. Risgaard-Petersen, M. Stachowitsch, and F. 573 
J. Jorissen. 2014. Foraminiferal species responses to in situ, experimentally induced anoxia in the Adriatic 574 
Sea. Biogeosciences 11:1775-1797. 575 
Lee, J. 1993. On a piece of chalk - updated. Journal of Eukaryotic Microbiology 40:395-410. 576 
Lehmann, M. F., S. M. Bernasconi, A. Barbieri, and J. A. McKenzie. 2002. Preservation of organic matter and 577 
alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary 578 
diagenesis. Geochimica et Cosmochimica Acta 66:3573-3584. 579 
Leiter, C., and A. V. Altenbach. 2010. Benthic foraminifera from the diatomaceous mud belt off Namibia: 580 
characteristic species for severe anoxia. Palaeontologia Electronica 13(2):11A-19p. 581 
Maxwell, R. E., R. G. Cox, R. G. Ackman, and S. N. Hooper. 1972. The diagenesis and maturation of phytol. The 582 
stereochemistry of 2,6,10,14-tetramethylpentadeeane from an ancient sediment. Pp. 177–291 in H. R. von 583 
Gaertner, and H. Wehner, eds. Advances in organic geochemistry. Proceedings of the 5th International 584 
Meeting on Organic Geochemistry, Hannover. 585 
Aaron Meilijson 26 
 
26 
 
Meilijson, A., S. Ashckenazi-Polivoda, L. Ron-Yankovich, P. Illner, H. Alsenz, R. P. Speijer, A. Almogi-Labin, S. 586 
Feinstein, Z. Berner, W. Püttmann, and S. Abramovich. 2014. Chronostratigraphy of the Upper Cretaceous 587 
high productivity sequence of the southern Tethys, Israel. Cretaceous Research 50:187-213. 588 
Mello, M. R., P. C. Gaglianone, S. C. Brassell, and J. R. Maxwell. 1988. Geochemical and biological marker 589 
assessment of depositional-environments using Brazilian offshore oils. Marine and Petroleum Geology 590 
5:205-223. 591 
Meyers, P. A. 1994. Preservation of elemental and isotopic source identification of sedimentary organic-matter. 592 
Chemical Geology 114:289-302. 593 
Meyers, P. A. 2014. Why are the δ13Corg values in Phanerozoic black shales more negative than in modern marine 594 
organic matter? Geochemistry Geophysics Geosystems 15:3085-3106. 595 
Moodley, L., G. J. van der Zwaan, P. M. J. Herman, L. Kempers, and P. van Breugel. 1997. Differential response 596 
of benthic meiofauna to anoxia with special reference to foraminifera (Protista: Sarcodina). Marine Ecology 597 
Progress Series 158:151-163. 598 
Nardelli, M. P., C. Barras, E. Metzger, A. Mouret, H. L. Filipsson, F. Jorissen, and E. Geslin. 2014. Experimental 599 
evidence for foraminiferal calcification under anoxia. Biogeosciences 11:4029-4038. 600 
Peters, K. E., and J. M. Moldowan. 1991. Effects of source, thermal maturity, and biodegradation on the 601 
distribution and isomerization of homohopanes in petroleum. Organic Geochemistry 17:47-61.  602 
Peters, K. E., C. C. Walters, and J. M. Moldowan. 2005. The biomarker guide. Cambridge University Press, 603 
Cambridge. 604 
Pillet, L., C. de Vargas, and J. Pawlowski. 2011. Molecular Identification of sequestered diatom chloroplasts and 605 
kleptoplastidy in foraminifera. Protist 162:394-404. 606 
Piña-Ochoa , E., S. Høgslund, E. Geslin, T. Cedhagen, N. P. Revsbech, L. P. Nielsen, M. Schweizer, F. Jorissen, S. 607 
Rysgaard, and N. Risgaard-Petersen. 2010. Widespread occurrence of nitrate storage and denitrification 608 
Aaron Meilijson 27 
 
27 
 
among foraminifera and Gromiida. Proceedings of the National Academy of Sciences of the United States 609 
of America 107:1148-1153. 610 
Powell, T. G., D. M., McKirdy. 1973. Relationship between ratio of pristane to phytane, crude oil composition and 611 
geological environment in Australia. Nature 243: 37–39. 612 
Pucci, F., E. Geslin, C. Barras, C. Morigi, A. Sabbatini, A. Negri, and F. J. Jorissen. 2009. Survival of benthic 613 
foraminifera under hypoxic conditions: Results of an experimental study using the Cell Tracker Green 614 
method. Marine Pollution Bulletin 59:336-351. 615 
Quan, T. M., B. van de Schootbrugge, M. P. Field, Y. Rosenthal, and P. G. Falkowski. 2008. Nitrogen isotope and 616 
trace metal analyses from the Mingolshe core (Germany): evidence for redox variations across the Triassic–617 
Jurassic boundary. Global Biogeochemical Cycles 22:1-14. 618 
Quan, T. M., D. James, and P. G. Falkowski. 2013. Co-variation of nitrogen isotopes and redox states through 619 
glacial–interglacial cycles in the Black Sea. Geochimica et Cosmochimica Acta 112:305–320.  620 
Risgaard-Petersen, N., A. M. Langezaal, S. Ingvardsen, M. C. Schmid, M. S. M. Jetten, H. J. M. Op den Camp, J. 621 
W. M. Derksen, E. Piña-Ochoa, S. P. Eriksson, L. P. Nielsen, N. P. Revsbech, T. Cedhagen, and G. J. van 622 
der Zwaan. 2006. Evidence for complete denitrification in a benthic foraminifer. Nature 443:93-96. 623 
Robinson, R. S., M. Kienast, A. L. Albuquerque, M. A. Altabet, S. Contreras, R. De Pol-Holz, N. Dubois, R. 624 
Francois, E. Galbraith, T.C. Hsu, T. Ivanochko, S. Jaccard, S. J. Kao, T. Kiefer, S. Kienast, M F. Lehmann, 625 
P. Martinez, M. McCarthy, J. Möbius, T.  Pedersen, T. M. Quan, E. Ryabenko, A. Schmittner, R. 626 
Schneider, A. Schneider-Mor, M. Shigemitsu, D. Sinclair, C. Somes, A. Studer, R. Thunell, and J. Y. Yang. 627 
2012. Review of nitrogen isotopic alteration in marine sediments. Paleoceanography 27:PA4203. 628 
Rowland, S.J. 1990. Production of acyclic isoprenoid hydrocarbons by laboratory maturation of methanogenic 629 
bacteria. Organic Geochemistry 15:9–16. 630 
Schneider-Mor, A., H. Alsenz, S. Ashckenazi-Polivoda, P. Illner, S. Abramovich, S. Feinstein, A. Almogi-Labin, 631 
Z. Berner, and W. Puttmann. 2012. Paleoceanographic reconstruction of the late Cretaceous oil shale of the 632 
Aaron Meilijson 28 
 
28 
 
Negev, Israel: Integration of geochemical, and stable isotope records of the organic matter. 633 
Palaeogeography Palaeoclimatology Palaeoecology 319:46-57. 634 
Sageman, B. B, and C. R., Bina. 1997. Diversity and species abundance patterns in Late Cenomanian Black Shale 635 
Biofacies, Western Interior, U.S. Palaios 12:449-466. 636 
Sen Gupta, B. K. 1999. Modern foraminifera. Kluwer Academic Publishers, Dordrecht. 637 
Shoval, S. 2004. Clay sedimentation along the southeastern Neo-Tethys margin during the oceanic convergence 638 
stage. Applied Clay Science 24:287-298. 639 
Sigman, D. M., M. A. Altabet, D. C. McCorkle, R. Francois, and G. Fischer. 2000. The δ15N of nitrate in the 640 
Southern Ocean: Nitrogen cycling and circulation in the ocean interior. Journal of Geophysical Research-641 
Oceans 105:19599-19614. 642 
Sinninghe Damsté, J. S., M. E. L. Kohnen, and J. W. de Leeuw. 1990. Thiophenic biomarkers for 643 
palaeoenvironmental assessment and molecular stratigraphy. Nature 345:609-611. 644 
Sinninghe Damsté, J. S., F. Kenig, M. P. Koopmans, J. Koster, S. Schouten, J. M. Hayes, and J. W. de Leeuw. 645 
1995. Evidence for gammacerane as an indicator of water column stratification. Geochimica et 646 
Cosmochimica Acta 59:1895-1900. 647 
Soudry, D., C. R. Glenn, Y. Nathan, I. Segal, and D. VonderHaar. 2006. Evolution of Tethyan phosphogenesis 648 
along the northern edges of the Arabian-African shield during the Cretaceous-Eocene as deduced from 649 
temporal variations of Ca and Nd isotopes and rates of P accumulation. Earth-Science Reviews 78:27-57. 650 
Suhr, D. 2009. Principal component analysis vs. exploratory factor analysis. SUGI 30 Proceedings. 651 
Ten Haven, H. L., J. W. de Leeuw, J. Rullkotter, and J. Sinninghe-Damsté. 1987. Restricted utility of the 652 
pristane/phytane ratio as a palaeoenvironmental indicator. Nature 330: 641–643. 653 
Thomas, E. 1990. Late Cretaceous through Neogene deep-sea benthic foraminifers (Maud Rise, Weddell Sea, 654 
Antarctica). Pp. 571-594 in P. F. Barker, et al., eds. Proceedings of the Ocean Drilling Program, scientific 655 
results Volume 113. Ocean Drilling Program, College Station, Texas. 656 
Aaron Meilijson 29 
 
29 
 
Tissot, B. P., and D. H., Welte. 1984. Petroleum formation and occurrence 2nd edition. Springer, Berlin and New 657 
York.  658 
Tsuchiya, M., T. Toyofukua, K. Uematsub, V. Brüchertc, J. Collend, H. Yamamotoa, and H. Kitazatoa. 2014. 659 
Cytologic and genetic characteristics of endobiotic bacteria and kleptoplasts of Virgulinella fragilis 660 
(foraminifera). Journal of Eukaryotic Microbiology 0:1-16.  661 
Widmark, J. G. V. 2000. Biogeography of terminal Cretaceous benthic foraminifera: deep-water circulation and 662 
trophic gradients in the deep South Atlantic. Cretaceous Research 21:367-379. 663 
Widmark, J. G. V., and B. Malmgren. 1992. Benthic foraminiferal changes across the Cretaceous Tertiary 664 
boundary in the deep-sea - DSDP site-525, site-527, and site-465. Journal of Foraminiferal Research 22:81-665 
113. 666 
 667 
Figure Captions 668 
 669 
Figure 1 (double column). Paleogeographic reconstruction showing the upwelling belts that developed along 670 
the southern Tethys margin during the late Coniacian-Maastrichtian. The star marks the location of the study area 671 
(modified after Ashckenazi-Polivoda et al. 2011). 672 
Figure 2 (double column). Location map of the studied sections projected on the Top-Judea Group horizon 673 
structural map (Fleischer and Gafsou 2003). Black arrows represent the Syrian Arc structural pattern. 674 
Figure 3 (double column). (A-H) Selected images from the organic petrology analysis. (A; reflected light) 675 
Sapropelic vitrinitic kerogen particle (SKgn) with slight granularity (Ro=0.32%); (B; reflected light) Unicellular 676 
marine Tasmanales algae (Ta) (Ro=0.44%); (C; reflected light) An allochthonous fragment of inertinite (Int) 677 
showing open cell structure; Ghareb Formation, Shefela: (D; reflected UV light) A large dinoflagellate (Din); (E; 678 
reflected UV light) Fluorescing amorphous matrix (Fl am) and a broken dinocyst fragment (Din); (F; reflected 679 
light) Fecal pellets (Fec; Ro=0.252%). A bivalve fragment (Biv) is seen on the left. Q=quartz grain; Lower Oil 680 
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Shale Member, Negev: (G; reflected UV light) Fluorescing sapropelinite (Sap); (H; transmitted light) Amorphous 681 
kerogen resembling type II.  682 
(I-L) Selected images from the sedimentary petrology analysis. Photographs were taken under transmitted light. 683 
Ghareb Formation, Shefela: (I) Large uniserial foraminifera (Siphonodosaria; Uni); Mishash Formation, Shefela 684 
(J) and Negev (K) Phosphate grain (P); Ghareb Formation, Shefela: (L) Peleoidal organic matter in a micritic 685 
matrix. 686 
Figure 4 (single column). Rock-Eval data (hydrogen and oxygen indexes) plotted on a Van Krevelen diagrams 687 
showing a predominant type II kerogen. 688 
Figure 5 (single column). Ion chromatogram of steranes (m/z 217) and terpanes (m/z 191) in bitumen extract 689 
from an Upper Cretaceouc Ghreb Formation oil shale. Despite the relatively low thermal maturity, molecular 690 
parameters in the bituminous fraction such as very low Ts/(Ts+Tm), C35/C34 homohopanes >1, gammacerane (G) 691 
abundance (m/z 191) and regular/dia steranes and C28/C29 ratios (m/z 217) indicate lack of clastic contribution and 692 
an oxygen depleted depositional environment (Grantham and Wakefield 1988; Mello et al. 1988; Peters and 693 
Moldowan 1991). The abundance of which reflects stratified water and restricted circulation at the depositional 694 
area (Sinninghe Damsté et al. 1995). 695 
Figure 6 (double column). Representative X-ray diffraction results from the Aderet (AD) and PAMA (OSP, 696 
SAOA) samples, and X-ray Diffraction histogram (Sample AD-394). 697 
Figure 7 (full-page). Lithological and geochemical data from the Shefela and Negev basins. (A) Regional age 698 
(determined using planktic foraminifera), Stage, Formation and bio-zone columns are reproduced from Meilijson et 699 
al. (2014). (B) Data from the Shefela basin (the Aderet core): Depth, lithology column and SR (sedimentation 700 
rates) are from Meilijson et al. (2014); TOC – total organic carbon; TE (trace elements) oxygen ranking - the curve 701 
represents an interpretation of the trace element factor analysis, using redox-sensitive elements for describing 702 
unitless changes in oxygen content (see caption Fig. 8 for details); Stable isotope records of δ13Corg and δ15Norg; 703 
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Pristane/Phytane (Pr/Ph) ratio. (C) Data from the Negev basin (combined section of the Saraf and PAMA 704 
outcrops). Depth scale is linearly accommodated according to the regional ages. Columns are as in (B). 705 
Figure 8 (double column). Trace elements analyses (representative data in Fig. 8A) have been interpreted by 706 
means of multivariate statistical methods in order to assess the inter-element relationships. The calculated factor 707 
loadings are shown in Figure 8B in the form of horizontal bars. Only factor loadings that show values higher than 708 
0.7 were used. The largest two eigenvalues were found to account for 82% of the total variance. Thereby, two 709 
factors have been selected. Factor 1 summarizes 44% of the total variance, that is characterized by elements with 710 
high positive factor loadings for Fe2O3(t), TiO2, Co, Ga, K2O, Rb, V, MnO, and SiO2. Only CaO comprises a 711 
negative sign, but with a high absolute value. This factor may be interpreted as a combined interplay between 712 
terrigenic and biogenic (carbonate) sedimentation. Factor 2 accounts for 38% of the total variance and mirrors the 713 
degree of bottom water oxygenation (Cu, Ni, Zn, Cr, S, Corg,). However, this factor also includes elements which 714 
might represent conditions that promote phosphorite deposition (Y, As). The oxygen index is used for interpreting 715 
changes in the paleo-bottom water oxygen content. The validity of the oxygen index as calculated by the trace 716 
element analysis is further established by its high correlation with TOC values (r=0.94, p>0.05; Fig. 8C), i.e., with 717 
low TOC levels correlating with increased oxygen levels and vice-versa. 718 
Figure 9 (double column; online in color, printed in grayscale). Faunal and environmental variations in the 719 
Shefela and Negev basins. A. Regional data after Meilijson et al. (2014): Santonian (Sant.), Dicarinella asymetrica 720 
(D. asym.), Contusotruncana plummerae (C. plumm). B. Data from the Shefela basin, Aderet core: sedimentation 721 
rates (SR), total organic carbon (TOC), benthic foraminifera specimens/gram dry sediment (BFN), relative 722 
abundance of the R-mode clusters. C. Negev area (Saraf, Almogi-Labin et al. 1993; PAMA, Ashckenazi-Polivoda 723 
et al. 2011) depth scale is linearly accommodated according to the regional ages. D. Faunal shift from bi-triserial to 724 
trochospiral and uniserial dominated foraminiferal assemblages in the TOC-rich zone following the 725 
Campanian/Maastrichtian boundary. Phytoplankton dominance is evaluated based on published biomarker records 726 
in Jordan (Sinninghe Damsté et al. 1990). Elhasaella alanwoodi (E. A), alkylthiophene (alk.). 727 
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Figure 10 (full-page; online in color, printed in grayscale). Relative abundances of the 25 groups used for 728 
statistical R-mode cluster analysis. Faunal clusters A (A1, A2), B (B1, B2) and C (C1, C2) are indicated. Lithology 729 
column legend appears in Figure 7. Data shown is from the Aderet core which provides the most comprehensive 730 
cover of the cumulative depositional time interval. 731 
Figure 11 (double column). A-C. SEM micrographs of the R-mode clusters demonstrating strong morphologic 732 
homogeneity (nomenclature of the dominant species; Table 1). (A) Bi- and triserial. (B) Trochospiral; B1: smooth 733 
tests B2: perforated by macro pores. (C) Mainly uniserial. D. Morphological adaptations for kleptoplastidy and 734 
bacterial symbiosis: Cretaceous. 19-20. Loop-shaped line of teeth surrounding the aperture and a toothplate (P. 735 
prolixa). 21. Serrated toothplate (Praebulimina). 22. Toothplate and double-folded lip aperture (N. canadensis). 23. 736 
Surface covered with tiny pustules and pores (P. prolixa). Recent (24-25 from Austin et al. 2005). 24. Haynesina 737 
germanica with a large diatom feeding bundle. 25. Teeth-like tubercles (H. germanica). (26-28 from Bernhard and 738 
Bowser 1999). 26. Double lip aperture and tooth-plate (Bulimina elegantissima). 27. Teeth lining the entire 739 
aperture (Nonionella stella). 28. Empty diatom frustule and apertural teeth (N. stella). (29-30 from Bernhard et al. 740 
2010). 29. Surface pores (Bolivina pacifica). 30. Close-up of two pores of B. pacifica showing bacterial ectobionts.  741 










